The structural and thermal properties of solvent-induced poly(ethylene terephthalate) (PET) polyester have been investigated. Flat, high twist and spun yarns were treated with trichloroacetic acid-methylene chloride (TCAMC) mixed solvent for 5 min at about 25 °C. The treatment infl uenced the solvent-induced crystallisation in PET, and the high interacting power of TCAMC with PET was substantiated. An increase in X-ray crystallinity was observed in the treated fl at yarn but the orientation was reduced. The variation in crystallinity was measured by X-ray and DSC techniques and is discussed. The melting and recrystallisation behaviour of the crystallites were indicated by DSC measurements. The treatment improved the crystallite stability and perfection. Flat yarn exhibited a distribution of the more stable crystals with higher heat of fusion than the respective spun and high twist yarns. The study shows that the crystalline structure reorganises to a more stable and uniform form as a result of the treatment. Double melting peaks were seen in the DSC of the high twist treated samples.
INTRODUCTION
Studies 1 -5 have indicated that interacting solvents play a crucial role in modifying the structure of poly(ethylene terephthalate) (PET) polyester. The effect of solvent on PET depends on the interacting power of the solvent with the polymer. The interaction force between the solvent and the polymeric fibres varies from low to high, and the degree of interaction changes depending on the nature and polarity of the solvent, the morphology and structure of the polymer, the temperature, treatment time and so on. Solubility parameter theory 6 and Flory-Huggins 7 theories have been put forward to describe the interaction between a polymer and a solvent, and solubility parameter theory has been used by many researchers to describe the solubility of textile polymers [8] [9] [10] [11] .
According to solubility parameter theory, the interaction between polymer and solvent is due to the change in free energy. It should be stressed that the interacting power of the solvent and the polymer relates to the closeness of their respective solubility parameter values 12, 13 . It has been established 10, 14, 15 that highly interacting solvents, after diffusion into the polymer, promote crystallisation and recrystallisation of the molecules and increase their segmental mobility so that ultimately structural rearrangements take place. As a result of this process of solvent induced crystallisation the structural, mechanical and dyeing properties of the polymeric materials are modifi ed and a number of studies have highlighted these effects 13, [16] [17] [18] [19] .
It has been reported 20, 21 that the interaction between trichloroacetic acid-methylene chloride (TCAMC) and poly(ethylene terephthalate) (PET) polyester yarns is very high, even at low concentration and ambient temperature. TCAMC treatment modified the tensile and abrasion properties of PET yarns 1, 22 . The tenacity decreased and the elongation increased, and the extent of variation depended on the nature of the PET yarns, the concentration of TCAMC reagent and the treatment time. The TCAMC mixed solvent infl uenced the initial modulus, yield stress and plasticity of the treated yarns. The work of rupture and abrasion resistance increased signifi cantly. In addition, the treatment enhanced the dye uptake 2 .
The effect of TCAMC on cellulose polymeric yarns and blends of PET and cellulosic yarns has been reported elsewhere [23] [24] [25] . This paper deals with the structural and thermal behaviour of TCAMC treated PET yarns.
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EXPERIMENTAL
Materials
The following three commercial PET yarns were used: Laboratory grade trichloroacetic acid, methylene chloride and acetone were used. The proportions were 1%, 3% and 5% w/v.
Instruments
A Phillips X-ray generator (Model PW 1710) fi tted with a texture goniometer attachment and a microprocessor recorder was utilised to calculate the X-ray crystallinity of samples. They were scanned both in transmission and refl ection modes. To fi nd the orientation of the fi bres, the fi bre bundles were azimuthally scanned by rotating them through 360°.
A polarising light microscope (Leitz Wetzlar) was used to determine the molecular orientation of yarns. A retardation method described elsewhere 26 was used for birefringence measurement.
Thermal analysis of polyester yarn samples was carried out on a Mettler TA 4000 with TG 50/MT 5 and DSC 30. The DSC was interfaced with a control and evaluation unit TC 11-TA processor that controlled the furnace in the measuring cell, and acquired and stored the data for various evaluations. The TA processor was also interfaced with a Mettler MT5 microbalance. The balance was provided with a fully automatic calibration facility. Each sample was cut and placed in a standard aluminium pan of 40 μl capacity, sealed and weighed. The sample weight was maintained between 6 and 10 mg. In order to avoid distortion of the pan during heating, the lid of the pan was pierced by 3 minute holes before sealing. One empty crucible was placed in the DSC cell as a reference. The heating program was from -20 °C to 375 °C with a heating rate of 10 °C/min. Nitrogen was the purge gas and the fl ow rate was 100 cm 3 /min.
The weighed sample was placed in the DSC cell on attaining the initial set temperature. After allowing a 3 min settling time for the sample to equilibrate at the starting temperature, the temperature program was automatically initiated. After the run, various thermal parameters were evaluated with the help of the processor.
TCAMC Treatment
The yarn sample skeins were prepared by utilising a Shirley yarn-winding device. The skeins in their unrestrained state were treated with 1%, 3% and 5% (w/v) of the TCAMC for 5 min in a specially made closed trough at about 25 °C. The solvent-to-yarn ratio was maintained at 100:1 and the contents were agitated manually at regular intervals to ensure uniform treatment. The samples were then rinsed with methylene chloride followed by acetone to remove any reagent adhering to the yarn. The treated samples were squeezed and dried with hot air for a few seconds, taking advantage of the quick evaporation of acetone. The loss in strength of treated (5%; 5 min) fl at fi lament yarn (FFY) was 20% higher than that of the untreated equivalent 1 , so the study was conducted using TCAMC at 5% concentration for 5 min.
RESULTS AND DISCUSSION
Effect of TCAMC on Crystallinity of PET
Prior to the treatment, FTIR (Shimadzu 8201) analysis was carried out on 100% trichloroacetic acid, 100% methylene chloride and 5% (w/v) of trichloroacetic acid in methylene chloride (dichloromethane) TCAMC to identify the reaction between the two. The analysis of fingerprints (Figures 1a-c) showed that no reaction took place between trichloroacetic acid and methylene chloride.
The X-ray order factor and birefringence are depicted in Table 1 . The principle suggested by Goppel et al. 27 was utilised by researchers to develop a simplifi ed method for determining the crystallinity index of polymers. The problems associated with the measurement of crystallinity of polymers by conventional X-ray methods are discussed elsewhere 28 . A simple method proposed by Manjunath et al. 29 was used to calculate the lateral order factor of the samples:
where R is the resolution factor, h1, h2 and h3 represent the heights of the maxima, and m1 and m2 denote the heights of the minima of the peaks from the base line of the diffractometer tracing. The R tends to zero when the resolution is at a maximum and it tends to be unity when the resolution is completely lost. Therefore R is inversely related to lateral order.
The X-ray order factor is directly related to the crystallinity.
The FFY treated yarns showed an increase in order factor in both transmission and refl ection modes. The increase in order factor was more pronounced with the 1% treatment, and thereafter the effect was maintained more or less constant at higher concentrations, i.e. using treatments with 3% and 5% solvent.
However, there was no appreciable increase in the order factor of the high twist fi lament yarn (HTFY) treated samples. The changes in lateral order were marginal in spun polyester yarn (SPY) treated samples. These changes revealed that the TCAMC treatment infl uenced the crystallinity of PET, indicating structural modifi cation. In general, the degree of crystallinity depends on the nature of the polymer, the extent of interaction between the polymer and the reagent, concentration of reagent, and time of treatment. The structural modifi cation effected in the high twist HTFY by the treatment was not much varied by any restriction of penetration of the TCAMC into the yarn caused by the latter's compactness. Typical equilibrium scans of the treated samples show (Figures 2a-c) a sharpening of the intensity at 2θ = 24.8° and 17.0° after TCAMC treatment. This indicates that the crystallite size increased in the direction of these planes.
The birefringence of the treated SPY was measured to observe the changes in overall molecular orientation ( Table 1 ). The birefringence of SPY was increased, as expected, because of the increase in crystallinity. The birefringence of FFY and HTFY could not be measured because they possessed non-circular (trilobal) crosssections which posed problems in getting the beck line in the polarising microscope.
The X-ray orientation angle of FFY, SPY and HTFY yarns could not be measured because of the diffi culties encountered in separating the fi bres individually from the yarns, possibly because of their high compactness. However, those PET fi bres with circular cross-section fi bres were treated with 1%, 3% and 5% TCAMC for 5 min and scanned ( Table 2 ). It is obvious that the changes in crystallinity of the treated fi bres were consistent with the observations made on FFY ( Table 1) . It was also noticed ( Table 2 ) that the crystallinity increased signifi cantly after treatment with the 1% solvent mixture whereas the magnitude of the increase decreased with the 3% treatment, followed by the highest increase with 5%. This suggests that the TCAMC reagent had high interacting capacity with PET even at low concentrations and it confi rms that the solubility parameter value of the TCAMC mixed solvent was close to that of PET. In other words solvent induced crystallisation took place during the treatment; this conclusion was further substantiated in the following DSC studies. It will be born in mind that according to solubility parameter theory the maximum interaction of the solvent with the polymer occurs in two regions of the solubility parameter values, 9.8 and 12.1 [30] [31] [32] . The solubility parameter of PET observed by Lindner 33 was 9.8 whereas Moore 34 reported the value as 10.7. It was also observed ( Table 2 ) that the X-ray orientation angle increased with the treatment concentration. A reduction in fi bre orientation and, on the other hand, an increase in birefringence can be observed in those treated fi bres with circular cross-sections. In addition, Xray orientation angle increased with the treatment concentration.
Analysis of Thermal Properties
Comparison of X-ray
Crystallinity and DSC Crystallinity DSC thermograms of FFY, SPY and HTFY are depicted in Figures 3, 4 and 5 respectively. The crystallinity measurement made using DSC was based on a thermodynamic defi nition of order X DSC , expressed as a weight fraction. X DSC can be determined from the formula 35 .
X DSC = ∆H/∆H°w
here ∆H represents the measured heat of fusion and ∆H° is the heat of fusion of a fully crystalline polymer. The value of ∆H° for PET is 117.5 J/g (28.1 cal/g) 35 . It can be observed from Table 3 that there was generally poor agreement between DSC and X-ray estimates of crystallinity. Even though DSC is a very sensitive tool in detecting morphological and structural changes in semi-crystalline polymers, the results obtained by this technique alone do not lead to the exact morphology and an absolute value of the degree of crystallinity. The information given by the degree of crystallinity is generally infl uenced by crystal perfection. Also, sometimes, depending upon heating rates, the original crystalline structure can re-organise in DSC. On the other hand, wide angle X-ray diffraction is directly related to the order and disorder of the materials, and hence to crystallinity.
Analysis of Melting Behaviour
An analysis of the DSC thermograms of FFY, SPY and HTFY is shown in Table 4 . In each case, the starting temperature and peak melting temperature are noted. The final melting temperature corresponds to the melting of the most stable crystallite, whereas the peak melting temperature is taken as the temperature at the maximum of the melting endotherm 36 . The starting temperature is the starting of the melting endotherm and can be regarded as the melting of the smallest crystallite present in the sample. The parent FFY sample shows a higher melting endotherm in terms of higher starting temperature, higher peak melting temperature and higher fi nal melting temperature. In general, PET can be quenched from the melt to produce material that is amorphous at room temperature, and under appropriate conditions the polymer molecules transfer from the melted or amorphous structure to a folded chain conformation before undergoing enhanced lamellar thickening and transformation into extended crystals 37 . Differences in processing conditions lead to different crystallisation kinetics and processes and result in a mixed morphology. It is not caused by an incomplete transformation of the folded chains to form an extended chain crystal 38 . Therefore, the melting range is the temperature at which we have the progressive melting of crystallites of varying stability in terms of the fold-surface free energy of their crystalline lamella, their crystallite thickness and crystallite perfection. FFY samples exhibit a distribution of more stable crystals, with higher heats of fusion (Table 3) than analogous SPY and HTFY samples. On the other hand, the HTFY sample shows a wider distribution than the SPY samples, with a lower heat of fusion. The interaction of the polymer with solvent is strongly infl uenced by morphological and structural parameters. In general the solvent enters the polymer structure, weakens the polymer-polymer interaction, induces extensive segmental motion and lowers the effective glass transition temperature of the material. The polymer chains rearrange themselves into a lower free energy state. This induces crystallisation even in the swollen state 16, 39, 40 . The interaction of the solvent with the polymer may be intercrystalline and intracrystalline. In the case of intercrystalline interaction, the solvent penetrates inside the amorphous region only. The polymer chains within this region are under a lower stress and this generally results in rearrangement of the molecular chains 41 . In this case crystallisation takes place in the swollen state and the crystalline region of the sample increases. On the other hand, in intracrystalline interactions the interacting solvent penetrates inside the crystalline region and destroys the crystallinity of the sample, also affecting the parts of the fi bre with higher lateral order.
From the above assumptions, it may be deduced from Table 4 that treatment of PET samples with TCAMC results in a) a higher starting temperature for the melting of FFY, SPY and HTFY samples, b) a higher peak melting temperature in the case of SPY and HTFY and c) a higher fi nal melting temperature for all three samples. However, the heat of fusion of the samples remains mostly constant ( Table 3) . This indicates that TCAMC penetrates inside the crystalline regions. Such penetration results in complete swelling of the smaller or imperfect crystallites and may be in partial swelling of bigger or more stable crystallites.
The swelling and the increased segmental mobility of the polymer chain induces crystallisation in the swollen state, with the formation of more stable crystals. The increase in the melting point has to be attributed to crystal thickening as well as to crystal perfection and surface smoothening of the crystalline layers.
A process of reorganisation of the crystals could be responsible for the increase in melting point 42 . This causes a shift of melting endotherm to higher temperatures without any enhancement in the heat of fusion. The final temperature as well as peak melting temperature of the TCAMC treated FFY sample reduces after the treatment, although the starting temperature increases. A similar explanation can be given for this modifi cation, whereby crystallisation becomes dominated by the crystal thickening and/or crystal perfection of the smaller crystals at the cost of bigger crystals. This means that the crystalline structure reorganises to a more stable and uniform structure without appreciable crystal thickening.
It is interesting to note in Figure 5 that TCAMC-treated HTFY samples exhibit double melting peaks. It has been reported 38, [42] [43] [44] [45] that PET crystallised under isothermal conditions often shows double melting endotherms. One of these peaks, denoted by peak I, remains at a constant temperature. The second peak, peak II is only observed after heat treatment above a certain temperature. Such multiple fusion endotherms arise because of 47 found that the multiple melting endotherms of PET are caused by initial melting, re-crystallisation, and re-melting processes in the melting region. It has been reported 43 that the morphology and the melting peaks depend strongly on the annealing temperature. The increase in size of the melting peaks is associated with an increase in their lamellar thickness and crystallite perfection.
Tan et al. 48 observed that the double melting peaks of PET are coupled with two distinct crystal populations with different thicknesses. During the DSC heating scan of PET, a metastable melt is formed between the lower and the upper endothermic temperatures. The metastable melt can re-crystallise immediately just above the low melting temperature and form thicker lamellae than the original ones. The thickness and perfection depend on the crystallisation time and crystallisation temperature. The melting endotherm with double peaks, as observed in Figure 5 is perhaps due to the melting of distributions of a single morphological form, differing in size and perfection.
CONCLUSIONS
The solvent induced crystallisation takes place in PET polymer after treatment with TCAMC. The solvent treatment infl uences the Xray crystallinity of PET yarns. The large increase in crystallinity of fl at fi lament yarn is more pronounced at lower concentrations of TCAMC and thereafter the effect is maintained at higher concentrations of 3% and 5%. However, there is no appreciable increase in the crystallinity of HTFY treated yarns and only a marginal increase in SPY treated ones. The changes in X-ray crystallinity indicate the extent of the structural modifi cation of PET effected by TCAMC. A reduction in orientation and an increase in the birefringence of treated PET are also observed.
The melting behaviour and heat of fusion of PET show the melting of crystallites caused by the solvent treatment. There is a drop in peak temperature on treatment in the case of FFY. However, it is higher in SPY and HTFY than it is in the respective parent samples. FFY samples exhibit a distribution of more stable crystals, with a higher heat of fusion than the SPY and HTFY, whereas HTFY show a wider distribution than the SPY with lower heats of fusion. The melting endotherm indicates the stability of the crystallites, their size and perfection. The melting endotherm of treated SPY and HTFY is shifted to higher temperature, indicating either perfection of crystallites or increase in crystallite dimensions. On the other hand, ∆H remains essentially the same. Therefore it can be concluded that the treatment modifi es the structure, reorganises the chain molecules, disturbs the smaller crystallites and improves crystalline stability. In the case of FFY the TCAMC action on structure is more severe. It disturbs the crystalline stability and forms smaller crystallites or makes the crystallites imperfect. The occurrence of double melting peaks is evident in DSC curves of HTFY treated samples.
